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A FOREBODY DESIGN TECHNIQUE FOR HIGHLY 
INTEGRATED BOTTOM-MOUNTED SCRAMJETS WITH 
APPLICATION TO A HYPERSONIC RESEARCH AIRPLANE 
C.L.W. Edwards 
Langley Research Center 

SUMMARY 

The efficiency of future hypersonic airbreathing aircraft will depend to 
a great extent on the maximum integration of the propulsion system with the 
vehicle airframe. A rapid and simple inviscid technique for designing fore- 
bodies which produce uniformly precompressed flows at the inlet entrance for 
bottom-mounted scramjets has been developed so that geometric constraints re- 
sulting from design trade-offs can be effectively evaluated. The flow fields 
resulting from several forebody designs generated in support of a hypersonic 
research airplane conceptual design study have been analyzed in detail with 
three-dimensional characteristics calculations to verify the uniform flow 
conditions. For the designs analyzed 9 uniform flow is maintained over a wide 
range of flight conditions corresponding to scramjet operation flight 
envelope of the research airplane. 

INTRODUCTION 

A large spectrum of promising future military and civil applications of 
hydrogen-fueled airbreathing aircraft for high supersonic and hypersonic flight 
has been well documented In the literature (refs. 1-5). A common feature of 
these aircraft is the necessity to carefully integrate the propulsion system 
with the vehicle airframe to obtain optimum overall performance. As shown 



in figure 1, the size of the propulsion system relative to aircraft size 
increases rapidly with increasing flight Mach number and the forces, as dis- 
cussed in reference 6, generated by the propulsion system become large 
compared to aerodynamic forces. The mutual interactions between these large 
forces can be advantageous when the propulsion system is properly integrated 
with the vehicle airframe. Thus, the engine/airframe integration process 
represents a major design opportunity to maximize the performance of hyper- 
sonic airbreathing vehicles. 

The highly integrated aircraft concepts depicted in figure 1 are 
attractive because they provide maximum inlet capture area and nozzle ex- 
pansion area while maintaining minimum cowl drag. However, to take full 
advantage of this arrangement, the vehicle propulsion system must be properly 
integrated early in the design process. Some interactive constraints which 
must be considered in the design of highly integrated hypersonic systems are 
shown in figure 2. The size and number of the engines must be sufficient to 
meet mission requirements. The scramjet inlet must be located within the 
forebody compression field to obtain maximum performance. An effective 
precompression tends to reduce the physical dimensions of the inlet, in which 
turn tends to reduce engine weight and cowl drag. If the precompressed flow 
at the inlet face can also be made uniform, then the increased complexity in 
inlet design required for efficient operation in widely varying flows can also 

be alleviated. However, the available shock layer capture area decreases with 
Mach number, so that it becomes necessary for the inlet to capture most of the 
flow between the body and the bow shock across the entire fuselage span. The 
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engine size and the flow field requirements are not the only considerations 
necessary for a good forebody design. Aerodynamic, structural and internal 
volume requirements must also be incorporated as early design constraints to 
achieve an optimum configuration. 

The scramjet nozzle design is primarily governed by thrust and stability 
requirements. Thus, the location of the scramjet, orientation of the thrust 
vector, and the resulting trim penalties must be examined across the entire 
flight envelope (ref. 6). The strong interaction between the nozzle exhaust 
and the nonuniform flows surrounding the vehicle afterbody and external cowl 
must also be accounted for in evaluation of nozzle performance. 

It is apparent, therefore, that one key to optimum vehicle performance 
is a systematic procedure for effectively assessing the interactive con- 
straints early in the design if any realistic beneficial coupling between the 
engine and airframe is to be achieved. A significant research effort is being 
applied at Langley Research Center to examine, develop, and validate the 
technology necessary to perform such assessments during the design process 
on a routine basis. The engine-nozzle-vehicle interactions and design method- 
ology are presented in reference 6. The primary objectives of this paper 
are to describe recent progress in forebody design methodology, present some 
results from a vehicle design study, and to indicate some areas of research 
which could enhance overall design capability. 

SYMBOLS 

A forebody cross-sectional area 

A inlet capture area 

c 

D axial design length of constant impact angle surface 
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inlet height 

unit vector components in x,y,z directions, respectively 
Mach number 

outward unit normal surface vector 

direction cosines of outward unit normal surface vector 
static pressure 

lofting curve coefficients for forebody geometry 
radius of equivalent circular forebody cross-section 
surface tangent vector in Newtonian stream direction 
vehicle reference area 
velocity 
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P 


direction cosines of velocity vector 

unit vector in velocity direction 
forebody reference coordinates 

angle-of-attack referenced to lower surface center-line of 
forebody at the inlet entrance 
Newtonian impact angle 

lower forebody center-line deflection angle 
densi ty 


_^V 

P.V, 


local to free-stream mass flow ratio 

forebody cross-section meridian angle 
-1 1 

Mach angle, sin (^) 
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Subscripts 


00 free-stream conditions 

2 local conditions 

1 inlet 

£,m indices for lofting line coefficients 

Forebody Design Procedure 

The forebody design goals are indicated in figure 3. The key flow 
parameters and the region at the inlet entrance requiring uniform pre- 
compression are also shown. The cross-sectional area (located at the inlet 
face) in which the flow is to be tightly constrained is bounded by the vehicle 
surface and two functions of engine geometry: (1) the position of the outboard 

engine module; and (2) the position of the cowl lip (or bow shock as the Mach 
number becomes large). This control area is represented by the cross-hatched 
region on figure 3. An ideal and probably unattainable design would render 
the oncoming precompressed flow parallel and uniform in the control area and 
remain invariant with changes in Mach number and angle of attack. The 
practical goals for this study were to develop a straightforward design 
procedure which can be used effectively to minimize gradients in key -flow 
parameters in the region of the inlet entrance over the vehicle flight envelope 

The parameters which directly influence inlet and engine performance are 
the mass flow to be ingested, the static pressure, local Mach number and flow 
angularity. These parameters are sufficient to define the state of the flow 
and if they are uniform then it follows that the remaining flow variables will 
also be uniform. The most predominant of these parameters, which is a good 
approximate measure of forebody effectiveness, is the relative mass flow. A 
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reduction in mass flow would cause a corresponding reduction in thrust available 
from a fixed size engine and large gradients in mass flow would require complex 
fuel scheduling between engine modules to achieve maximum performance. 
Computational techniques .- There are several numerical techniques which are 
capable of calculating supersonic inviscid flows over three-dimensional 
geometries (refs. 7-10). In principles any of these techniques could be 
employed to derive a geometry which produces uniform flow at the inlet entrance. 
Either parametric studies of several geometries or an inverse approach using 
one of these techniques to directly solve for the appropriate geometric 
boundary could be employed. The parametric approach appears too restrictive 
and time consuming for the preliminary design process. The inverse technique 
can, in principles be accomplished by specifying the inlet station flow 
conditions and performing an upwind numerical calculation (characteristics 
or finite difference) to solve for a geometry which maintains the specified 
flow. However s the resulting geometry could be very difficult to constrain 
so that required trade-offs could be performed on the basis of other multi- 
disciplinary functions of merit which must be considered to achieve a realistic 
optimum. The complexity required for this procedure does not seem warranted 
for the preliminary design task since one of the basic study goals was to 
develop a straightforward and rapid preliminary design tool. Therefore, the 
approach taken in this study is a very simplified analogy to the inverse 
technique where basic hypersonic flow relations are utilized in lieu of 
more exact numerical schemes to determine the appropriate forebody geometry. 
Design Method ,- At hypersonic speeds 9 Newtonian flow gives a good representation 
of the inviscid conditions on three-dimensional compression surfaces which do 
not produce strong cross flows or imbedded shocks. Since the shock layer is 



thin, the surface conditions should also represent the conditions in the 
field if those surface conditions are everywhere uniform over the control 
area. In addition, the surface geodesics (defined in the classical sense 
as the shortest surface distance between two points) become streamlines 
when the surface pressure is constant. Therefore, the problem is one of 
creating a geometry from the Newtonian stream directions such that the 
Newtonian impact angle is a constant (figure 4). 

The classic equation for the Newtonian impact angle (<$) in terms of the 
velocity vector 
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and the outward normal to the surface 
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If the velocity vector is a function of angle of attack (a) only (no 
yaw), then a unit vector in the velocity direction can be defined by 


(3) 


v = cos a j + sin a k 


(4) 


and the Newtonian impact angle becomes 


sind = - (n cos a + n sin a) 
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(5) 
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Solving equation (5) for 
vector in terms of n and 


and substituting into equation (2), the normal 


n z becomes 

'n sin a + sin 6 s 
cos a 


)j + n z k 


( 6 ) 


n can be determined from the local cross-section curve of the vehicle by 

X 

relating its slope to the surface normal 


n = -n tan <f> 
x z 


(7) 


where 


. , _ /dz\ 

tan * = (37) ' 


( 8 ) 


Substituting (7) into (6) we get 

sin a + sin 6\ 

p + "z * 

and since by definition 

2 2 2 

n • n = n + n +n -1 
x y z 


n * -n tan <p i 


(9) 


( 10 ) 


n z can be determined in terms of the vehicle angle of attack, Newtonian 
impact angle, and cross-sectional geometry from equations (9) and (10). 

. I 9 2 2~ 2 * 

n s -sin 6 sin a - cos aVcos 6 + (cos a - sin 6 ) ta n <j> 

z 2 2 

1 + cos a tan <J> 


The relations for n x and in terms of the same parameters become 


n = [sin 6 sin a + cos aVcos^ 6 + (cos^a - sin^tan^] tan<fr (] 2 ) 

1 + cos a tan <j> 
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(13) 


V p 2 2 2 2 

M cos 6 + (cos a - sin 6)tah 4) cos 

cos <p + cos a sin <p 

The geodesic directions are maintained coincident with the Newtonian 
stream direction (S) which can be determined by taking successive vector 
products between the surface normal and the wind vector 

S = n x (n x v) (14) 


as illustrated in the vector diagram of figure 4. Any number of geodesic 
directions can be determined along a given cross section and projected 
upstream some arbitrary distance, Ay. The locus of these projected geodesics 
can then be used to define a new upstream cross section and the process 
repeated until the desired surface is fully determined. 

The preliminary design method illustrated here was developed for arbitrary 
forebody geometry; however, the numerical methods available to verify the 
flow fields are somewhat geometry restricted. Three-dimensional characteristic 
calculations using the computer program of reference 7 were used in this 
study to verify the design technique. This characteristics program is limited 
to smooth continuous geometries with bielliptic cross sections. However, 
general variation in the longitudinal direction is allowed, as illustrated 
in figure 5, by defining the projections of three lofting lines in the 
vehicle coordinate planes with a series of segments using the general conic 


£,m 


= p o m Y + Q 0 m + 

Jt,m £,m 




y2 + s i >m Y + T *. m 


(15) 


where £ = 1 , number of segments 

and m=l, 6 corresponding to the six projections of the three lofting curves 
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on the coordinate planes. 

Constant impact angle is not necessary over the entire undersurface of 
the forebody since influence at the inlet station from upstream geometry is 
not generally felt past a point where a Mach wave from the body intersects 
the cowl lip. This distance is illustrated in figure 5 and is the upstream 
boundary for which the forebody must be closely tailored. Since it is likely 
that the flow will not be entirely uniform between body and bow shock s the 
largest free stream Mach number in the vehicle flight envelope is used to 
specify the upstream boundary to ensure adequate design length, D, to 
develop uniform flow at the inlet face. 



06 ) 


07 ) 


ip = sin' 1 (18) 

The lower center-line geodesic is kept straight over the design length 
but is allowed to curve upstream of this point to meet aerodynamic and 
volumetric constraints. However, care must be taken to avoid rapid ex- 
pansions in the forward portion since the Newtonian concept will not account 
for strong overexpansion which could alter the flow at the inlet entrance. 

Uniform Newtonian impact angle need not be imposed over the entire 
undersurface span since the spanwise control boundary is initially defined 
by the width of the engines, where the engine width is determined from 
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preliminary inlet capture requirements and the cowl or shock height. The 
surface geodesics define the spanwise boundary upstream of the inlet station 
(figure 5). However, note that the overall forebody planform is unrestricted. 
The assumptions used to establish the boundaries over which the surface must 
be tailored are quite adequate for bottom mounted engines, and variations of 
this technique could be expected to produce uniformly precompressed flows 
for sidemounted or displaced inlets. However, at lower Mach numbers (e.g. 

M < 3), a more sophisticated procedure such as linear theory may be required 
to determine the Mach lines which define the body surface and inlet cowl 
boundaries. 

RESULTS AND DISCUSSION 

This forebody design method has been applied to a hypersonic research 
airplane design study and the resulting flow fields were verified by three- 
dimensional characteristics calculations. The basic vehicle illustrated 
in figure 6 emphasized several advanced and promising new concepts for high 
performance airbreathing hypersonic aircraft. Fixed geometry scramjets were 
fully integrated with the vehicle airframe where the forebody was used to 
uniformly precompress the inlet flow and the entire afterbody was used as an 
exhaust nozzle. Strqctures, propulsion, aerodynamics and systems requirements 
were considered to produce a vehicle capable of systematically flight testing 
several of the most promising advanced concepts for hypersonic flight (ref. 
11). The payloads and overall flight capability of this vehicle are beyond 
the scope of this paper; however, several features which affect the forebody 
design are presented here. This vehicle was to be air-launched and rocket 
accelerated to at least Mach 4. Scramjet acceleration and cruise capability 
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was required at all speeds between Mach 4 and 10. The scramjet engine employed 
was a hydrogen-fueled fixed-geometry modular concept which is currently under 
development at Langley (refs. 12,13). Identical modules were imposed as a 
ground rule in the research airplane design study to minimize the complexity 
and cost of the research scramjet propulsion system. The vehicle forebody 
geometry was tightly constrained by the large forward volume requirements 
in the payload bay to accommodate the hydrogen fuel tank, and the size 
limitations imposed by the carrier vehicle (B-52). 

Some of the potential performance payoffs which can be achieved through 
forebody design, are illustrated through the key constraints and flow require- 
ments imposed in this design study. The volume of the forebody is generally 
determined without considering the inlet flow conditions and is primarily a 
function of the internal system requirements , center of gravity control, and 
vehicle aerodynami cs . A perspective of the volume requirements imposed in 
this study is indicated in figure 7 where the cross-sectional area and radius 
of an equivalent axisymmetric body for the design vehicle are presented as a 
function of distance from the nose. The distributions for a cone and an 
ogive cylinder are shown for comparison. The length of the cylinder on the 
ogive cylinder was determined from equation (16) using the initial cowl height 
and center-line precompression requirements for the research airplane concept. 
The cone which gives the closest approximation to the planform and profile 
limitations of the vehicle has a 5° half angle. These three bodies form a 
boundary of potential axisymmetric forebody designs. 

Mach 10 Forebody Flows 

If we consider the flow field about the three bounding forebodies 
(figure 7) at flight conditions corresponding approximately to Mach 10 cruise. 
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it is apparent from figure 8 that the flow at the inlet entrance is 
not uniform. The angle of attack of each body was determined such that the 
local angle between the lower center-line and the wind vector was 10 degrees 
at the inlet entrance. The local Mach number, pressure ratio, and relative 
mass flow are presented near the body surface and at a specified cowl height 
as a function of percent body sernispan. These data were obtained from the 
three-dimensional characteristics program of reference 7. Each of these 
bodies exhibits a strong spanwise variation in each of the flow parameters, 
and except for the cone there is a significant variation between body and 
cowl lip at each spanwise location. 

TSr^e detrimental effect that such flows can have on engine performance 
can be readily seen by examining the variation in relative mass flow across 
the vehicle span. For the vehicle displayed in figure 6, the mass flow 
requirements to meet mission goals were initially based on design center-line 
(surface plane of symmetry) values and engine installation across 80 percent 
of the body semi span. An examination of the average mass flow across the 
span of these three bodies, as illustrated in figure 8, indicates a 25 percent 
drop-off from the center-line design value to the most outboard position. (80 
percent semi span), and a corresponding engine performance potential roughly 
25 percent less than the initial design value. 

This is not an exact representation of performance potential because 
the shock standoff distance increases from the center-line out across the 
span and more inlet capture could be utilized if nonsimilar modules were em- 
ployed. However, as stated earlier, identical engine modules was a ground 
rule for this study. 
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The forebody design procedure based on Newtonian impact angle was used 
to create a geometry within the forebody volume constraints of the research 
airplane. The spanwise area of interest included 80 percent of the semispan 
and the upstream boundary was determined from Mach 10 cruise conditions. 
Maximum effective inlet capture becomes increasingly important with increasing 
Mach number and therefore the bow shock was taken as the vertical boundary 
at the inlet face. The flow at the inlet face from this forebody design is 
superimposed (figure 9) on the previous results for the axi symmetric 
equivalent (based on cross-sectional area distribution) to the research 
airplane forebody. The cross-hatched regions denote the axi symmetric fore- 
body results of figure 8b. Both the spanwise and vertical variations in 
all parameters are markedly decreased; however, the most graphic improvement 
occurs in the available mass flow across the 80 percent semi span of interest. 
The average center-line value of mass flow for the tailored forebody is 
increased by approximately 25 percent over that of the axisymmetric equivalent 
even though the local surface center-line inclination at the inlet entrance 
is 10° for both forebodies. The integrated average mass flow across 80 
percent of the semispan of the tailored forebody is approximately 33.5 per- 
cent higher than that of the axisymmetric equivalent. The angle of attack 
of the axisymmetric equivalent could be increased until the average center- 
line values of mass flow were equal on the two forebodies; however, the 
integrated average mass flow on the tailored forebody would still be approxi- 
mately 7 percent larger than the axisymmetric equivalent. This 
difference will be amplified by the increased flow nonuniformity that is 
bound to occur on the axisymmetric forebody as the angle of attack is 
increased. These comparative advantages of tailored forebodies are signifi- 



cant; however, a more objective evaluation of the design technique can be 
made by analyzing inlet entrance flows in light of the forebody design goals 
listed on figure 3. 

Several alternate designs were generated during this study and 
additional flow parameters such as shock stand-off distance and flow angularity 
were examined to assess their relationship to the forebody-inlet interaction. 
Three forebodies with variations in fineness ratio (volume) and cross- 
sectional shape are shown in figure 10. As stated earlier, the forebodies 
presented in this paper are constructed from bielliptic cross-sections so that 
the flow fields could be verified with three-dimensional characteristics 
calculations using the method of reference 7. The major to minor axis ratios 
for the lower surfaces of forebodies 1,2, and 3 are 7, 3.5, and 2, respectively. 
The spanwise control boundary for each of these bodies was at 80 percent of 
the body semispan. The design angle of attack was 10° relative to the lower 
surface center line and the boundary height perpendicular to the surface was 
taken as the shock height at the Mach 10 and a = 10° flight conditions. The 
body listed as forebody 1 is the same forebody presented in figure 9. The 
flow conditions at the inlet face (control area) which are generated by 
these forebodies are shown in figure 11. The spanwise variations of each 
parameter are small as are the variations from body to cowl lip (or bow 
shock). The magnitudes of these variations will be discussed more fully 
later in the paper. The main point illustrated in figure 11 is the 
close similarity between these flows even though the fineness ratios and 
cross-sectional shapes are quite different (e.g. the average local cross- 
sectional curvature of forebody 3 is approximately twice that of forebody 
1 ). 
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A more complete representation of the flow at, the inlet face is illustrated 
by inlet station isograms in figures 12 through 14. These isograms clearly 
indicate the variations in pressure, local Mach number, flow sidewash angle 
relative mass flow, as well as the shock stand-off distances. The lateral 
bound of the control area is indicated in each figure by a dashed line normal 
to the surface. The maximum pressure deviation over the control area for all 
three bodies is less than 10 percent. The local values and gradients are 
similar for each of the three forebodies. The maximum Mach number deviation 
is 5 percent or less. The predominant flow parameter is mass flow which 
changes in distribution for these forebodies from a slightly vertically 
seriated flow for forebody design I to a slightly spanwise striated flow 
for forebody design 3. The maximum spanwise deviation is less than 4 percent 
for each forebody. The maximum overall deviation in mass flow is 10 percent, 
which occurs between body and shock for forebody 1. 

The deviation in sidewash flow angle over the control area could affect 
inlet performance and the maximum deviation is 4.5° which occurs on forebody 
3 as expected because of its increased cross-sectional curvature. However, 
the effect of this flow angularity can be reduced to acceptable levels with- 
out additional forebody tailoring because of the modular design of the scramjet. 
Five engine modules were used across the total span and if each module is 
aligned with the average direction of the flow being captured, then the 
maximum flow angularity experienced by any one module is less than +_1°. 

However, a small external cowl drag penalty is incurred when the modules are 
canted inboard. Thus, the optimum orientation of the engine modules must 
be determined through trade-offs between cowl drag and inlet performance. 

Maximum effective inlet capture is also a forebody design goal and 
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occurs when the forebody bow shock is coincident with the cowl lip for the 
integration concept in this study. Uniformity of shock stand-off distance 
is the primary criterion of merit in achieving this goal within the identical 
engine module constraint. For these bodies there is a slight decrease in 
shock stand-off distance across the body semi span with the minimum height 
occurring at the outboard control area boundary. All three forebodies providec 
approximately 90 percent effective capture of the available precompressed 
flov; when constrained to the largest constant height inlets that could be 
accommodated between the body and bow shock. 

For the three forebody designs illustrated in figures 12 through 14, 
the shock stand-off distance at the design Mach number and angle of attack 
was approximately equal to one-half the body semi span. Therefore, forebody 
1 will have higher drag due to its lower fineness ratio and the final choice 
will be a trade-off between aerodynamic and inlet capture efficiencies. In 
this study the volume constraint tended to drive the optimum choice toward 
forebody 1. The nearly linear variation of shock stand-off distance 
with forebody semispan for these bodies also allows rapid estimates of inlet 
capture efficiency within moderate changes in longitudinal engine location, 
which is a key parameter in nozzle integration (ref. 6). 

Off- Design Forebody Flows 

The inlet entrance flow at off-design flight conditions resulting from 
tailored forebodies also plays an important role in the overall measure of 
forebody effectiveness since the vehicle must perform efficiently at Mach 
numbers and angles of attack other than those encountered at cruise. The 
scramjet acceleration portions of the flight envelope of this vehicle resulted 
in approximate forebody angles of attack of 6° across the Mach number range. 
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The primary flow parameters, local Mach number, pressure, and relative mass 
flow for the three forebodies are presented in figure 15 as functions of 
percent body semispan for Mach 10 accelerations. 

Again, the relative mass flow is a key parameter in determining forebody 
effectiveness. The average mass flow for each forebody design was reduced 
because of the lower angle of attack; therefore, the real criteria of merit 
are the vertical and spanwise mass flow variations across the inlet face. 

A slight positive spanwise gradient occurs at Mach 10 at the 6° acceleration 
angle of attack. This is most noticeable in the surface values for forebody 
1; however,. the maximum spanwise variation for each forebody occurs near 
the 80 percent semi span location and deviates less than 6 percent from the 
center-line value. These gradients are slightly positive in contrast to the 
large negative gradients shown for the axi symmetric bodies in figure 8. 

The slight positive gradients could be beneficial if an increase in fuel 
scheduling complexity were acceptable. The vertical gradients in mass flow 
are almost identical with those shown in figure 11 for the cruise conditions 
and are within the design goals. 

The variations in inlet flow conditions with flight Mach number are 
shown for forebody 1 in figure 16. The same three flow parameters are again 
presented as the basic measure of merit for Mach numbers 4, 6, and 8 at 
acceleration angles of attack. At the lower Mach number, a negative spanwise 
gradient in both pressure and relative mass flow occurs slightly inboard 
of the 80 percent seniispan control boundary. However, the spanwise gradients 
shown in figure 16 from Mach 4 to Mach 8 are less than the vertical gradient 
in mass flow for forebody 1 at cruise design conditions. The magnitudes of 
these off-design variations are within the initial forebody design goals. 
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FUTURE STUDY AREAS 


The results of this study represent a first step in developing the 
technology base necessary to efficiently integrate scramjets with the 
vehicle airframe by identifying some major trends resulting from forebody- 
inlet-airframe interactions. However, much remains to be done before 
optimum integration can realistically be achieved. Listed below are some 
forebody-inlet items which are amenable to state-of-the-art analytic tech^ 
niques and are currently under investigation. 

(1) The effects of boundary -layer displacement and other viscous 
effects must be included in the forebody tailoring scheme. 

(2) The effect of vehicle yaw on forebody flow fields must be assessed. 

(3) Forebodies employing hard chines at maximum span should permit 

the highest percent span utilization and should be included in analytic capa- 
bility. 

(4) At lower Mach numbers, more exact techniques for determining the 
forebody influence boundaries must be applied for sidemounted inlets or 
inlets which are significantly displaced from the vehicle surface. 

CONCLUDING REMARKS 

The geometric shape of forebodies on highly integrated hypersonic 
vehicles has a significant effect on the overall vehicle performance. When 
the flow at the inlet entrance has been uniformly precompressed, the engine 
size, weight, and drag can be more easily minimized. In addition, uniform 
flow has a beneficial effect on the required complexities in inlet design 
and fuel scheduling between engine modules. ; 
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A forebody design procedure has been developed to generate surfaces 
which produce nearly uniform flows at the entrance of bottom mounted inlets. 

The procedure has been verified in a vehicle design study where several 
forebodies were generated which exhibited minimum variations in key flow 
parameters both across the vehicle span and across the shock layer. The bow 
shock stand-off distance is also rendered nearly uniform so that at hypersonic 
cruise conditions a near-maximum effective inlet capture schedule can be 
achieved. Flow angularities were examined, and although they were not nulled, 
they were found to be of acceptable levels (less than +1° across any single 
engine module employed in the design study). The basic nature of the forebody 
flow is maintained across the normal scramjet portion of the design vehicle flight 
envelope which included a Mach number range from 4 to 10 and angles of attack 
from 6° to 10°. 

These studies indicate that good inlet flow can be achieved by tailoring 
only the portion of the vehicle surface which has direct influence upon the 
inlet capture area. Therefore, reasonable geometries can be generated to 
meet constraints which are imposed by other disciplines such as aerodynamics , 
structures, and internal systems. 
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DESIGN FOREBODY TO MEET AERODYNAMIC, 
ENGINE INLET AND VEHICLE VOLUMETRIC 
REQUIREMENTS 


DESIGN NOZZLE-AFTBODY 
FOR THRUST, STABILITY 
AND LOW TRIM DRAG 



Figure 2 .~ Design features for efficient engine airframe integration 



DESIGN GOALS 


o MINIMIZE INLET FLOW GRADIENTS 

o MASS FLOW 
o PRESSURE 
o LOCAL MACH NUMBER 

o MINIMIZE SENSITIVITY WITH MACH 
NUMBER AND ANGLE-OF-ATTACK 

o MAXIMIZE EFFECTIVE INLET CAPTURE 

o MAINTAIN UNIFORM BOW SHOCK 
STAND-OFF DISTANCE 
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Figure 3.- Forebody design goals. 








-i 

~T 

H 



STATION A 
STATION B 


Figure 5.- Geometry definition for bi elliptic forebody design 




Figure 6.- Basic elements of high speed research airplane (HSRA) 









(a) 

5 DEGREE 
HALF-ANGLE CONE 


W (c) 

AXISYMMETRIC EQUIVALENT OGIVE-CYLINDER 

TO THE HIGH SPEED RESEARCH 
AIRPLANE FOREBODY 





% FOREBODY SEMI SPAN 


pigure 8.- Comparison of flow at the inlet entrance generated by axi symmetric 
alternatives to the High Speed Research Airplane forebody, 

M = 10, a = 10° 
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Figure TO.- Forebody designs producing uniform precompressed flow at the 
inlet entrance. 
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Figure 11.- Flow conditions at the inlet for thr 
Mach 10 with 10° of precompression 
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Figure 13.- Flow isograms at the inlet entrance produced by forebody 2 at 
Mach 10 and a = 10° . 



Figure 14.- Flow isograms at the inlet entrance produced by forebody 3 at 
Mach 10 and a = 10° 










